In this paper, an integrated flight/propulsion control system design is presented for the piloted longitudinal landing task with a modern, statically unstable, fighter aircraft. A centralized compensator based on the Linear Quadratic Gaussian/Loop Transfer Recovery inethodology is first obtained to satisfy the feedback loop performance and robustness specifications. This high-order centralized compensator is then partitioned into airframe and engine "sub-controllers" based on modal controllability/observability for the compensator modes. The order of the sub-controllers is then reduced using internally-balanced realization techniques and the sub-controllers are simplified by neglecting the insignificant feedbacks. These sub-controllers have the advantage that they can be implemented as separate controllers on the airframe and the engine while still retaining the important performance and stability characteristics of the full-order centralized compensator. Command prefilters are then designed for the closed-loop system with the simplified sub-controllers to obtain the desired system response to airframe and engine command inputs, and the overall system performance evaluation results are presented.
Introduction
The desire to enlarge the flight envelope of tactical aircraft and provide new/enhanced maneuver capabilities has led to the use of forces and moments produced by the propulsion system to augment the flight control function. The coupling between the propulsion system dynamics and the airframe dynamics, which results from such an application of the propulsion system forces and moments, is significant enough that the traditional approach of designing the propulsion control system and the flight control system separately and then putting them together in an ad-hoc manner is no longer
adequate. An integrated approach to flight/propulsion control system design is then required in order to obtain an overall system that will ensure optimum performance with minimal pilot workload.
In the early 1980s, the Air Force initiated a study called the Design Methods for Integrated Control Systems (DMICS) with the objective of developing methodologies for the design of Integrated Flight/Propulsion Control (IFPC) laws for an advanced tactical aircraft. Two very different approaches to IFPC design came about as a result of this study I 0) (ii) These are :
A Linear Quadratic Gaussian -Loop Transfer Recovery (LQG/LTR) based centralized approach which consists of designing a "global" integrated cornpensa.tor considering the fully integrated system as one high-order system I 1 1 .
A decentralized, hierarchical approach which consists of partitioning the integrated system into loosely coupled subsystems and then designing separate controllers for the sub-systems, using Linear Quadratic Regulator (LQR) based explicit model-following type of approach, such that some high-level performance criterion are met PI . [3] , has been initiated with the objective of developing the enabling technologies that will lead to a demonstrator aircraft with Supersonic STOVL capability in the 1990s.
One of the elements of this program is to develop IFPC design methodologies that will provide a viable alternative to the methodologies developed under the DMICS study while allowing for improved system performance and simplicity of control law synthesis and implementation. Before embarking on developing an alternative to DMICS, it is meaningful to conduct an extensive review of the two DMICS methodologies and develop a thorough understanding of the control law synthesis and evaluation procedures by way of an example study. Towards this goal, results are reported in this paper from an example application of the LQG/LTR-based DMICS approach to IFPC design for the piloted longitudinal landing task with a modern, statically unstable fighter aircraft. This study, however, takes the IFPC design process a step beyond that reported in Ref. [l] , in that the high-order centralized compensator is partitioned into simplified lower-order sub-controllers which can be implemented separately on the airframe and the engine without any significant loss of overall system performance and robustness.
In the following, the LQG/LTR-based DMICS control law design procedure is first briefly summarized. The vehicle model is then discussed, and the design specifications are stated. The centralized feedback compensator design is then presented and the closed-loop performance and robustness characteristics are discussed. The procedure for partitioning the centralized compensator into separate airframe and engine sub-controllers is discussed next and closed-loop evaluation results are presented for the system consisting of the simplified sub-controllers. Finally, prefilter design results are presented to provide command shaping such that the closed-loop system response to airframe and engine command inputs is as desired.
Control Law Design Methodology
The salient features of the LQG/LTR-based DMICS methodology are briefly discussed in the following. This discussion is based on the description of the methodology in
Ref.
[4].
The nonlinear simulation of the complete aircraft system is first used to obtain linear models at various design points along the aircraft flight envelope. An open-loop analysis of the plant, at each design point, is performed to assess the number of degrees of freedom and to define the candidate variables to be regulated and/or commanded. After the feedback design is complete, the command shaping, P(s), is designed with a multi-variable bandlimited inverse method ['] . This method is based on the theoretical asymptotic properties of the linear quadratic stochastic control problem and provides for setting the bandwidth of the prefiltering action by properly selecting the control weighting in the regulator problem. Such an approach allows the designer to obtain a prefilter, P(s),
for desired response to command inputs without altering the feedback properties.
The command shaping and feedback compensator designs can performed for the various design points covering the aircraft flight envelope and a practical controller for the full flight envelope obtained by gain scheduling the designs, adding limiting functions, etc..
In this study, however, the control design will be performed for only one fixed point along the approach and landing trajectory.
A major criticism of a centralized IFPC design approach, such as the one discussed above, is that it results in one high order complicated compensator which is very difficult to implement. Such a compensator might also result in many feedback paths which are not physically realizable. Also, traditionally it is the responsibility of the engine designer/manufacturer to make sure that the engine will provide the desired performance when installed in the airframe. The engine manufacturer performs extensive "bench tests"
with an active engine controller to assure an adequate design. The accountability issue, then, becomes a major political hurdle with a centralized airframe and engine compensator.
To address these difficulties, the idea of partitioning the centralized compensator into separate airframe and engine sub-controllers, without any significant loss in overall system performance, is introduced in this paper. The mathematics associated with the compensator partitioning and the example application are discussed in a later section.
Vehicle Model
The vehicle model consists of an integrated airframe and propulsion system state-space representation for a modern fighter aircraft powered by a two-spool turbofan engine and equipped with a 2D thrust-vectoring and reversing nozzle. indicated that the flaps, bFL and 6FT, and thrust vectoring, bTv, are primarily airframe controls with very little effect on the propulsion system dynamics, whereas the fuel flow, WF, and the area controls, A78 and A8, affect both the airframe and the engine dynamics.
Thrust vectoring, bTv, is the primary pitch control while the flaps are direct-lift devices which provide direct control of the flight path angle.
P
For the STOL approach and landing task, it is desirable to provide the pilot with decoupled control of flight path and airspeed. Open-loop analyses of the plant indicated that it was not possible to provide flight path control independent of the pitch attitude control. Therefore, the control law design objective was chosen as that of providing independent control of pitch attitude and airspeed from pilot inputs with the flaps used to -P For the rest of this paper, the vehicle model with the flap loops closed as above, will be considered to be the design model.
Feedback Compensator Design and Evaluation
The design specifications for the feedback compensator were chosen as follows:
Track airframe and engine commands in a decoupled manner and with zero (1) steady-state error for step commands.
Maintain "adequate" stability margins in all control loops to guarantee stability in the presence of unmodelled dynamics and variation in model parameters.
Avoid "excessive" control deflections and rates to prevent non-linearities due to control deflection and/or rate limiting.
As stated earlier, the control design objective is to provide the pilot with independent control of aircraft airspeed and pitch attitude. In the STOL mode, thrust reversing is used to allow higher frequency control of the forward velocity. To effectively use thrust reversing, the engine is maintained at Military power level. This power setting will use the engine fan speed (N2) and engine pressure ratio (EPR) set points from the baseline engine control schedule. Thus the airframe and engine outputs to be controlled are
T P where V = aircraft airspeed (ft/sec) qv = pitch variable = q+O.lB N2P = engine fan speed (% of maximum allowable rpm at operating condition) EPR = engine pressure ratio The C matrix corresponding to these outputs is listed in the Appendix, and the D matrix P P is 0. Note that the choice of qv above reflects the desire to track pitch rate commands at high frequencies and pitch attitude commands at low frequencies. This choice is consistent with the work reported in Ref. [4].
Based on performance requirements, stability robustness to unmodelled dynamics such as actuators and sensors, and the open-loop analyses of control effectiveness, the desired control bandwidths were chosen as 1 rads/sec for the V loop, 5 rads/sec for the qv loop, 5 rads/sec for the N2 loop and 10 rads/sec for the EPR loop.
As pointed out in an earlier section, and vividly brought forth by an example study in Ref.
[Ill, it is very important to properly scale the system of Eqn. (1) Since the vehicle model has no integrators, and a zero steady-state error for step commands is desired, integral control action (see Ref. [12] ) is provided by appending four integrators to the plant -one in each control channel. The augmented plant has the form where X = [XT UT IT with X and u as defined before, and z . The system matrices P' Ps P Ps Ps A, B and C for the scaled, augmented plant are given by :
where I is an appropriately dimensioned identity matrix.
The LQG/LTR procedure is based on solving for the optimal compensator that minimizes the performance index 1 T -T-
for a system of the form
where and are zero-mean Gaussian white-noise processes with identity intensity, 7 are the measurements available as compensator inputs, and z are the controlled plant outputs.
V is any positive definite symmetric weighting matrix, and v, p, p and the process noise distribution matrix I ' are the design parameters that are used in the LQG/LTR procedure to synthesize a compensator that would meet the desired specifications. The procedure consists of first designing the Kalman filter such that the filter loop satisfies the performance and stability robustness requirements, and then recovering this loop asymptotically by tuning the regulator. The Kalman filter gains K F and the regulator gains Kc are obtained by solving their respective algebraic Riccati equations [12] . The LQG/LTR compensator has the form
Detailed discussion of how to choose the LQG/LTR design parameters is available in various application studies of the LQG/LTR methodology, see for example Refs.
[13]
and [14] . For instance, it is shown that if the Kalman filter loop is to meet the design specifications, then r and v shall be selected in such a way that the Target Feedback Loop transfer function matrix GFOL(S), defined as has the desired loop shapes. From the design specifications stated earlier, the requirement
i.e. bandwidth of 1, 5, 5, and 10 rads/sec for the V, qv, N2 and EPR loops respectively, k/s behavior at loop cross+xer for stability robustness, and large low-frequency gains for accurate steady-state tracking of commands.
For the IFPC control problem being considered here, the controlled variables are the same as the measurements, i.e. H = C, and the matrices A, B and C are as defined in 
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The closed-loop system tracking performance was evaluated by studying the Bode plots of the closed-loop system frequency response to commanded inputs, and time histories of closed-loop response to step commanded inputs. The frequency response of velocity V to all the commanded inputs (Vc, qvc, N2Pc and EPR,) is shown in Fig. 5 as an example of the Bode plots that were studied. Note that the quantities shown in Fig. 5 are scaled quantities (corresponding to and ysc of Fig. 3) ) so that the response imgnitudes can be compared one-to-one to assess the degree of coupling/decoupling in the closed-loop system response. As seen from Fig. 5 , the feedback compensator provides accurate tracking of velocity commands up to a bandwidth of 1.8 rads/sec (here, bandwidth is defined as the frequency at which the response magnitude of the primary commanded variable is -3 dB) with insignificant response in velocity to other commanded variables. The bandwidths of the q,, N2 and EPR loops were 11, 6.9 and 8.7 rads/sec respectively. The larger than Ps desired bandwidths for tracking the V, qv, and N2 commands are acceptable as long as these do not require large bandwidths for control deflections and/or lead to instability in the presence of unmodelled dynamics. The discrepancy between the desired bandwidth for EPR (10 rads/sec) and the achieved bandwidth (8.7 rads/sec) was not severe enough to warrant a redesign. The time-domain analysis of closed-loop system response to step commands also showed decoupled command tracking with well-damped response and fast rise times for the qv, N2 and EPR responses. Note that apart from good command tracking performance, it is also important to make sure that the feedback compensator does not result in excessive variations in other variables such as compressor and turbine stall margins, high pressure temperature turbine blade etc., which are of interest from the point of safe operation of the engine. The responses of these variables were studied for the present compensator design, and were found to be within allowable limits for maximum step commands in the controlled variables.
Extensive stability robustness studies, using the singular value approach ~5 , 1 6 1 were performed for this feedback compensator design. The effect on closed-loop system stability due to including some representative actuator and sensor dynamics was first studied. The design plant G(s) was augmented with the following sensor and actuator 
15
' TV = s+15 ' TV, to obtain the higher order "truth" model Go(s). The error between the "truth" model and the design model was defined as multiplicative error at the plant output leading to the following definitions :
The stability of the closed-loop system for the "truth" model is guaranteed if the following singular value condition is satisfied for all frequencies w:
In inequality ( l l ) , -0 refers to the minimum singular value, a refers to the maximum singular value, and I+(GK)-l is the inverse return difference transfer matrix at the design plant output (y). The two quantities in (11) are compared in Fig. 6 . From Fig. 6 we note that the stability condition (11) properties are guaranteed for the loops broken at the points (1) and (2) in the LQG/LTR compensator design block diagram of Fig. 3 . The actual control system implementation will be as shown in the block diagram of Fig. 7 , wherein the interface between the physical system (G (s) = C (sI-A')-'B' for the present case) and the control system (K (s)) is at P P P P P points (1') and (2'). It is at these points in the loop that we need "good" stability margins.
The lowest value of the minimum singular value of the return difference matrix at points
(1') and (2'), minimum over w of g[I+K G (jw)] and g[I+G K ] respectively, were found to be 0.02 and 0.1 respectively. These values indicate very poor stability robustness to unstructured uncertainties for the system as implemented in Fig. 7 . From this analysis it would appear that the claim that the LQG/LTR methodology recovers the guaranteed stability robustness properties of the LQR (Linear Quadratic Regulator) problem is misleading. The stability robustness properties are recovered, but not at the physical interface between the plant and the control system where the effect of the modeling uncertainties will actually occur.
P P P P
In control system design, a classical measure of stability robustness are the gain and phase margins['']. Although the above results indicate that the implementation system (as in Fig. 7 ) will have much reduced stability robustness with respect to unstructured uncertainties as compared to the design system (as in Fig. 3) , it has been shown in Ref. [ll) that as far as structured uncertainty in the form of loop gain or phase variations is concerned, the implementation system will have the same guaranteed multivariable stability margins as obtained for the design system. This result is based on a variations being considered here, the optimal matrix D ' corresponding to the minimum structured singular value p in Eqn. (12) at each frequency w can be obtained using a globally convergent algorithm developed by Osborne[20] . This algorithm was applied to the return difference transfer matrices at points (1) and (2) The stability robustness of the closed-loop system as implemented in Fig. 7 was further evaluated by using the more "classical" approach of "breaking" one loop at a time The one-loop-at-a-time analysis is also useful in studying the integrity of the system with respect to actuator and sensor failures, and the actuator bandwidth requirements for the control loops. The present design was found to be unstable for failure in the qv and N2 loops, and the A78, A8 and fiTV loops, thus indicating the need to provide adequate redundancy in the corresponding sensors and actuators to ensure fail-safe operation. The control bandwidths (defined as the loop crossover frequency, for example wc in Fig. 8 ) for the WF, A78, A8 and fiTV loops were 3.2, 1.7, 2.6 and 6.2 rads/sec respectively. These control requirements are very much within the actuator bandwidths for the representative actuators considered earlier in the stability robustness study. The control deflection and rate requirements for tracking maximum commanded values of the controlled variables, obtained from time histories of the control input (E' ) responses to step commands (7 ), were also found to be reasonable and within the maximum allowable control deflections and rates.
P Pc

Compensator Partitioning and Simplification
The need to separately implement controllers for the airframe and the engine was pointed out in an earlier section. In this section, the mathematical approach to partitioning the high-order integrated compensator into separate sub-system controllers is presented along with the numerical results for partitioning the LQG/LTR compensator obtained in the previous section. The partitioned sub-controllers are further reduced in state dimension and simplified for ease of implementation. Some example results are then presented to compare the closed-loop system performance and robustness for these simplified sub-controllers with that for the full-order LQG/LTR compensator. Note that partitioning the integrated compensator and then reducing the order of the sub-controllers is intuitively more meaningful than reducing the order of the integrated compensator before partitioning. In the latter case, any decoupling inherent in the compensator due to the decoupled behavior of the integrated system (plant) might be lost in the process of reducing the order of the Compensator, thus making the partitioning task more difficult.
hloreover, reducing the order of the sub-controllers would be easier computationally as these would already be of lower order than the integrated compensator.
Compensator Par tit ioning
The mathematical approach to partitioning the integrated compensator into separate (state-decoupled) sub-controllers, presented in the following, was motivated by the discussion in Ref.
[2] on partitioning the integrated system (plant) into state-decoupled sub-systems so as to perform the decentralized, hierarchical control system design. For ease of discussion and relevance to the present design study, the procedure is presented for partitioning into just two sub-controllers, those for the airframe and the engine. The procedure, however, is clearly applicable for the more general case of more than two sub-controllers. The direct feedthrough term (Dc), for the compensator, has also been neglected in the following to keep the equations simple. The extension to the case of the non-zero Dc matrix is quite straightforward.
Given an integrated compensator of the form The state definition of the integrated compensator has no particular significance in terms of physical interpretation. Therefore, without loss of generality, the eqns. (15) Earlier open-loop analyses indicated that JTv is primarily a pitch effector while WF, A78
and A8 mainly affect the engine control variables (N2 and EPR) and the airspeed (V).
Therefore, the following sub-controller input/output pairings were chosen for compensator The compensator modal controllability/observability studies, as discussed earlier, resulted in a 5th order airframe sub-controller (dim(F ) = 5 ) and an gth order engine combining (16) and (17) in the form of (15) 
Sub-controller Order Reduction and Simplification
CS
For ease of implementation, it is desirable to further reduce the order of the sub-controllers and simplify the structure by eliminating the insignificant feedbacks. Each of the sub-controllers, from eqns. (16) and (17)) can be represented in the form with e ' . = co1.F e 1, and corresponding definitions of B ' . and D' . The model reduction technique based on internally-balanced realizations [22] can then be used on a system in the above form to obtain reduced order sub-controllers. The internally-balanced realization approach consists of transforming the system into a set of states such that each state has the same coiitrollability/observability index and, furthermore, the states are ordered in decreasing value of controllability/observability index. The reduced order system is then obtained by eliminating the states that are "less" controllable/observable. Note that in general, a frequency-weighted internally-balanced reduction technique[231 has been shown to lead to a "better" lower order approximation for controller reduction. However, in the present design study, the frequency weighted technique is quite cumbersome to apply as the state-space realization of the frequency weighting, suggested in Ref. [23] , will itself be of very high order.
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Using the internally-balanced realization approach, the order of the airframe controller was reduced from 5 to 2 and that of the engine controller from 8 to 7. The system matrices for these reduced order sub-controllers, consistent with the definitions in (16) and (17) and corresponding to the input/output pairing of (20) The closed-loop system block diagram with the simplified sub-controllers is s h o w in Fig. 12 . The representation in Fig. 12 is consistent with that in Fig. 7 , i.e. the integrators augmented to the plant for compensator design and the input/output scaling matrices are incorporated in the airframe and engine sub-controllers. The blocks marked P in Fig. 12 , correspond to the command shaping filters and are discussed in the (-1' following section. Also, as shown in Fig. 12 , the engine control variable commands (N2Psel and EPRsel) will be generated by engine scheduling control system. The discussion of the engine scheduling is beyond the scope of the research reported herein, as it requires knowledge of the nonlinear behavior of the propulsion system dynamics.
Pre-Filter Design
With a satisfactory feedback compensator obtained as above, the next step in the DMICS procedure is to design command shaping prefilters to obtain the desired response to airframe and engine command inputs. The linear quadratic regulator based prefilter synthesis procedure [7] was used in the present study. As shown in Fig. 12 , separate single-input single-output prefilters were designed for each controlled variable as decoupled responses to pilot and engine command inputs (6st(in.) and Vsel, and N2Pse1
and EPRsel respectively) were desired, and the feedback compensator itself provides decoupled tracking of the commanded variables.
The desired controlled variable responses to pilot and engine command inputs are listed in Table 1 in transfer function form. In Table 1 The following steps were followed to obtain the command shaping prefilters that will give the desired response for each input/output pair :
1)
The single-input single-output system from the commanded variable to the response variable with all the feedback loops closed was first obtained (yi=Tiy,, where yi is one of V, qv, N2P or EPR).
A reduced order approximation (T .) of Ti was obtained using internally balanced realization. This step is important because the prefilter design procedure results in a prefilter of order greater than the "system" for which the prefilter is being designed.
The procedure of Ref. [7] was applied to the reduced order system T command shaping prefilter Pi which will give the desired response.
The order of the prefilter was further reduced using the internally balanced realization approach.
The above process resulted in 4th order prefilters for V, qv and N2P, and a 1st order prefilter for EPR. The designed prefilters are listed in Table 2 in transfer function form.
The Bode plots for the desired pitch rate response and that actually obtained with the complete designed control system are compared in Fig. 13 . We note good agreement between the desired and actual response up to 5 rads/sec -well beyond the short-period frequency of 2.24 rads/sec. The other three actual responses, although not shown here, were 
Conclusions
The major objective of this study was to'gain extensive insight into the Linear Quadratic Gaussian/Loop Transfer Recovery (LQG/LTR) methodology based procedure for design of Integrated Flight/Propulsion Control (IFPC) laws. This methodology was one of two developed under the Air Force sponsored program on Design Methods for Integrated Control Systems (DMICS). Towards this objective, an example of an integrated flight/propulsion control system design, mainly based on the aforementioned DMICS study, was presented in this paper. The control system design was performed for the piloted longitudinal landing task of a modern, statically unstable, fighter aircraft powered by a two spool turbofan engine and equipped with a 2D thrust vectoring nozzle. As a result of this study, the following conclusions can be drawn regarding the strengths and weaknesses of the LQG/LTR based DMICS methodology :
The major strength of the methodology lies in its ability to address design issues such as stability robustness and tradeoff between performance and allowable control power directly in the synthesis procedure. The procedure for the design of the feedback compensator and command shaping is quite straightforward and can be accomplished with available control design software.
The major drawback of the methodology is that it results in a single high-order, integrated feedback compensator. Although such an integrated compensator is intuitively appealing in that it will lead to ttoptimum" performance, it is unacceptable because of the difficulty of implementation as well as the desire to physically separate the flight and propulsion controllers.
The methodology is mainly geared towards synthesizing command tracking control laws and so one of its weaknesses lies in its inability to address the issue of plant augmentation. In this example study, classical single-input single-output control law design techniques had to be used to synthesize the desired flight path augmentation prior to the application of the DMICS methodology.
The methodology makes extensive use of singular values for synthesis as well as analysis. As is well known, and was also shown in this example study, the singular -.
value based robustness analysis tends to be highly conservative. It was also shown that because of the scaling (normalization) used in the control law synthesis procedure, the LQG/LTR procedure guarantees the stability robustness properties at a point in the loop which is internal to the compensator as it will be implemented. This point is not the physical interface between the actual plant and the implementation compensator where the uncertainties will actually occur.
Reducing the conservativeness of singular value stability robustness analysis and resolving the effect of scaling are issues which warrant further investigation.
To overcome the major drawback of this DMICS methodology, mainly that of one high order integrated feedback compensator (see (2) above), a technique was presented in this paper for partitioning the integrated compensator into the desired separate sub-controllers for the airframe and the engine. The suggested compensator partitioning approach was demonstrated by application to the example study, and led to much simplified sub-controllers without any significant loss in performance and stability robustness as compared to that obtained with the full order integrated compensator. The compensator partitioning approach, however, clearly needs to be validated for a system exhibiting higher degree of coupling between the sub-system dynamics than was the case in the present study
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